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Abstract
Highly localized direct electron heating [full width at half maximum
(FWHM) = 0.2a] via mode converted ion Bernstein waves (IBW) has been
observed in the Alcator C-Mod tokamak [I.H. Hutchinson et al., Physics
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Plasmas 1, 1511 (1994)]. Electron heating at or near the plasma center
(r/a 0.3 ) has been observed in H (3 He) discharges at B0 = (6.0 - 6.5) T and
ne(0) = 1.8 x 1020 m- 3 . [Here the minority ion species is indicated
parenthetically.] Off-axis heating (r/a > 0.5) has also been observed in D
(3 He) plasmas at B0 = 7.9 T. The concentration of 3 He in these experiments
was in the range of n3He / ne = (0.2 - 0.3) and the locations of the mode
conversion layer and electron heating peak could be controlled by
changing the 3 He concentration or toroidal magnetic field (BO). The
electron heating profiles were deduced using an rf modulation technique.
Detailed comparisons with 1-D and toroidal full-wave ICRF models have
been carried out. The predictions of the 1-D full-wave code FELICE [M.
Brambilla, Nuclear Fusion 28, 549 (1988)] were found to be in qualitative
agreement with the experimental results. Toroidal full-wave predictions
based on the TORIC code [M. Brambilla, Nuclear Fusion 28, 1813 (1988)]
were found to be useful in the interpretation of the experimental results
but suffered from limitations due to insufficient poloidal resolution at the
ion-ion hybrid layer.
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I. Introduction
Mode conversion of a fast magnetosonic wave to an ion Bernstein wave
(IBW) in a two-ion component plasma in the ion cyclotron range of
frequencies (ICRF) has been the subject of numerous theoretical 1- 7 and
experimental investigations 7 - 1 1. Modification of the fast wave polarization
near the mode conversion layer is known to be an important effect in
minority ion heating schemes, especially at low parallel wavenumber (k1J) 1.
Damping of the mode converted IBW via electron Landau damping has
been studied for this scheme using a toroidal ray tracing model 5 and full-
wave ICRF codes in 1-D (slab geometry) and toroidal geometry 12 - 14 . More
recently 7 ,9 it was recognized and demonstrated that relatively high fast
wave to Bernstein wave mode conversion efficiencies could be obtained at
high kil in plasmas where nearly equal concentrations of the two-ion
components existed. The toroidal magnetic field and the ion concentrations
were chosen so the mode conversion layer was located near the plasma
center and the cyclotron resonances of the two ion species were sited off-
axis. Furthermore, because of the high k11, strong electron Landau damping
of the mode converted IBW could be expected since o ~ k1l vte. The mode
conversion layer can also be positioned off-axis in this scheme, in which
case localized electron heating via mode converted IBW could be achieved
in outer regions of the plasma. This is of particular interest since off-axis
current generation and current profile control could be realized if a phased
antenna array were used to launch the fast magnetosonic wave.
The two mode conversion schemes described above have been
demonstrated experimentally10,1 5 on the Alcator C-Mod tokamak1 6 .
Electron heating profiles due to IBW mode conversion were inferred in
these experiments using an rf power modulation technique1 5 . Efficient
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electron heating at or near the plasma center (r/a 0.3 ), via mode
converted IBW was observed in H (3 He) plasmas at BO = (6.0 - 6.5) T and
n3He / ne = (0.2 - 0.3). The location of the electron damping could be
controlled by changing the 3 He concentration or the magnetic field BO , in
agreement with the predictions of l-D slab theory and full-wave ICRF code
calculations. The H (3 He) mixture is especially relevant to reactor plasmas
because the charge to mass ratio (Zi/mi) of H: 3 He is equal to the (Zi/mi)
ratio of D:T (deuterium:tritium). Thus the mode conversion and absorption
physics should be the same for D : T. Direct off-axis electron heating (r/a =
0.6) via mode converted IBW was also observed in D (3 He) discharges at 7.9
T and n3He / ne = (0.2 - 0.3). Again the location of the experimentally
measured electron damping was in agreement with the predictions of 1-D
slab theory and full-wave code predictions.
The plan of this paper is as follows. The propagation, mode conversion
and absorption physics is reviewed for the H (3 He) and D (3 He) mode
conversion electron heating (MCEH) scenarios in Sec. II. A brief description
of the full-wave numerical models used to analyze the experiment is also
given in Sec. II. The experimental results for direct on-axis electron
heating in H (3 He) plasmas in C-Mod are presented in Sec. III. The
predictions of the 1-D FELICE code12 and the toroidal ICRF code TORIC 1 3
are discussed and compared with these experimental results. The results of
direct off-axis electron heating in D (3 He) plasmas in C-Mod are given in
Sec. IV and again comparisons with 1-D and toroidal code predictions are
discussed. In Sec. V a viable off-axis mode conversion current drive
scenario for Alcator C-Mod is described. Finally, a summary and
conclusions are given in Sec. VI.
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II. Mode conversion theory and numerical models
A. Mode conversion theory
The ICRF dispersion relation for the fast magnetosonic wave in the cold
plasm limit can be written as 2 ,
n112 -(nI2 - R) (n112 - L) / (n112 - S) , (1 a)
where,
R = 1 - Zi Copi 2 / .ci ((o + i ci) , (lb)
L = 1 - ji opi 2 / i2ci (CO - g2ci) , (1c)
S = 1 - Zi Copi 2 / ((o2 - ,ci 2 ) , (1 d)
nj = kic/o, nii = kl c/o, copi 2 = (ni qi 2 / so mi), L2ci = (qi Bo/ mi), with mi and
qi being the mass and charge state of the ith ion species. The fast wave
experiences cut offs at ni2 = R and nil2 = L. The wave will mode convert to
an ion Bernstein wave near the ion-ion hybrid resonance layer where
ni12 = S. If warm plasma effects are included in the analysis one finds in the
limit of kipi < 1 the IBW obeys a dispersion relation of the form 1 3,
nL2 ~=- 2 (n112 - S) / X2,i , (2 a)
X2,i = -(1/2) Xi (copi vti / nci c)2 Coi Z(C2,i) , (2b)
where Coi = o / kl vti, C2,i = (Co - 2 Qci) / kl vti, and vti2 = (2Ti / mi).
The cold plasma cut offs, cyclotron resonance chords, and mode
conversion surface have been plotted in Fig. 1 for the case of H (3 He) in
Alcator C-Mod. The parameters used were minor radius a = 0.22m, major
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radius RO = 0.66 m, wave frequency fo = 80 MHz, B0 = 6.5 T, ne(O) = 1.5 x
1020 m- 3 , ne(a) = 0.5 ne(O), nil = 9.0, n3He / ne = 0.25, nH / ne = 0.45, and
nD / ne = 0.05. The density profile was taken to have the representative
form [1 - (r/a)2] 0 .5 and the chosen value of parallel refractive index is
based on the characteristic kl of the C-Mod dipole antennas, where k|IANT
10 m- 1 . It is clear from Fig. 1 that the nil2 = L surface and the mode
conversion layer form a closely spaced cut off - resonance pair. The
hydrogen cyclotron resonance ((o = QcH) is located to the low field side of
the tokamak at RH = 0.82 m (r/a = 0.72) and the 3 He cyclotron resonance is
located on the high field side at R3He = 0.55 m (r/a - 0.54). An incoming fast
wave undergoes weak damping at the hydrogen cyclotron resonance since
it is off-axis in the region of colder plasma. The wave then tunnels
efficiently through the thin evanescent region at the cut off - resonance
pair near the plasma center. [Note the width of this evanescent region (- 1
cm) is much less than the perpendicular wavelength of the fast wave (< 10
cm).] Strong electron Landau damping of the ion Bernstein wave is
expected in this case because co / kjj vte = 1.8 / 'Te(keV) near the mode
conversion layer (in this case the plasma center). Typical ohmic target
plasmas in C-Mod at 0.8 - 1.2 MA can have central electron temperatures
in the range 2.0 - 2.5 keV so that co / kil vte = (1. 3 - 1.1). This estimate for
co / kll vte assumes kl =- n / R where n = 10 is the characteristic toroidal
mode number of the C-Mod dipole antenna and RANT = 0.92 m.
The cold plasma cut offs, cyclotron resonances, and mode conversion
surface for the D (3 He) off-axis mode conversion scenario are shown in Fig.
2. This sketch was again obtained using C-Mod parameters with B0 = 7.9 T,
ne(O) = 2.5 x 1020 m- 3 , ne(a) = 0.4 ne(O), nil = 9.0, n3He / ne = 0.25, and
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nD / ne = 0.50 . The ion-ion hybrid layer (nil2 = S) is located off-axis on the
high field side at RMC = 0.575 m (r/a = 0.50) and the 3 He cyclotron
resonance layer is near the plasma center. The large (3 He) ion component
causes the mode conversion layer to be displaced far to the high field side
of the 3 He cyclotron resonance layer. It is also worth noting that the D
resonance layer falls inside the plasma on the high field side at RD = 0.49 m
(r/a = 0.87). The n1l 2 = L surface and the mode conversion layer again form a
closely spaced cut off - resonance pair. In this case one might expect some
damping of the incoming fast wave at the 3 He cyclotron resonance before
the fast wave reaches the mode conversion layer. However, the left
circularly polarized component of the fast wave is significantly reducedl 6
in D (3He) relative to other minority heating schemes in C-Mod such as D
(H). Thus the minority damping per pass at CO = QC3He will not be strong
and significant fast wave power may reach the mode conversion layer.
Mode converted fast wave power will still undergo strong electron Landau
damping because (co / kl vte)MC = 1.5 / qTe(keV), TeMC = 1 keV, and
o / kil vte = 1.5 .
B. Numerical models
A l-D full-wave ICRF code FELICE 12 has been used to analyze the IBW
mode conversion electron heating experiments in Alcator C-Mod. This code
solves the the sixth order finite Larmor radius (FLR) wave equation for the
fast magnetosonic wave, ion Bernstein wave, and the slow wave. Spatially
varying density and temperature profiles are assumed in the x - direction,
the magnetic field is taken to be B = e, z B0 / (1 + x / Ro), the parallel wave
number is assumed constant with k11 = kz, and the electric field is
represented as a sum over poloidal Fourier modes of the form,
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E = I ky,kz E ky,kz (x) exp(ikyy + ikzz) , (3)
where the coefficients E ky,kz (x) are fit to cubic Hermite interpolating
polynomials. Typically about Nr = 1200 radial elements are used in the
calculation. Absorption at the fundamental (co = Qci) and harmonic
(o = 2 Qci) cyclotron resonances is computed. Electron Landau damping of
the fast wave and IBW are also computed. The direct damping of the IBW
on electrons can be calculated in this code because the IBW electric field is
solved for explicitly.
A toroidal full-wave ICRF code TORIC 13 is also used to study the effects
of wave focussing, diffraction, and toroidal geometry on the fast wave and
IBW propagation, mode conversion, and absorption. A fourth order wave
equation is solved in the FLR limit so that explicit solutions for the mode
converted IBW electric field are obtained in toroidal geometry. The TORIC
code employs a poloidal mode representation for the electric field of the
form,
E = Tm,n E m,n(r) exp(imO + in$) , (4)
where m is the poloidal mode number, n is the toroidal mode number, and
the coefficients E m,n(r) are again represented by cubic Hermite
interpolating functions. Toroidal effects are also included in the parallel
wavenumber since k11 = [(m/r)BO + (n/R)BO] / B. The TORIC calculations
described in this paper were obtained for 240 radial elements and a
poloidal mode number spectrum in the range -16 m 16. Again
cyclotron damping and electron Landau damping are included in the
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absorption mechanisms. Recalling Eq. (1), it can be seen that the ion-ion
hybrid layer where n112 = S can represent a rather sharp "quasi -
singularity" (both radially and poloidally). A poloidal mode spectrum of 32
modes is usually not sufficient to resolve the associated IBW excitation at
this layer. In order to allow numerical resolution of the IBW at this
location, an ad hoc damping has been added to TORIC 13 which broadens the
ion-ion hybrid layer and ensures a well-behaved solution for the electric
field near mode conversion. This technique requires a redefinition of the
dielectric term S as,
S = S + i Ka I Re(R) I exp { -Qa 2 [n,12-Re(S)] 2 / [Re(R)] 2 } , (6)
where Ka = 0.1 - 0.5 and Qa 3-5. The damping attributed to this
modification in S should be attributed physically to the electron absorption
channel 13 .
III. H (3 He) mode conversion : Experiment and analysis
The main diagnostic used to study direct electron heating due to mode
converted IBW was a nine channel electron cyclotron emission (ECE)
grating polychromator (GPC)1 5 . The rf power was modulated and the
absorbed rf power density was estimated from a break in slope analysis of
the electron temperature channels versus time,
Srf(r,t) = (3/2) ne A (aTe/Dt) . (7)
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An example of this modulation technique for a H (3 He) plasma from the
1995 run campaign is shown in Fig. 3(a). The parameters for this discharge
were plasma current Ip = 0.8 MA, B0 = 6.5 T, ne(O) = 1.8 x 1020 m- 3 ,
n3He / ne = 0.25, nH / ne = 0.45, and nD / ne = 0.05. The 3 He concentration
was estimated from the density rise due to 3 He gas puffing, spectroscopic
measurements of the HeII Lya line, and Zeff. The central electron
temperature rises dramatically from about 3.2 keV to 4.8 keV (at the
sawtooth peak) as the rf is modulated. The corresponding change in slope
of the central Te channel is especially evident as the rf power is stepped
down from about 1.2 MW to 0.35 MW. The break in slope is taken over a
period of = 2-4 msec. which is much shorter than the sawtooth period (10
-12 msec) and the energy confinement time. Thus the change in slope in
the electron temperature is attributed to direct electron heating,
presumably by the mode converted IBW. The correpsonding rf power
absorption profile by electrons, obtained from this method is shown in Fig.
3(b). The profile is remarkably peaked with FWHM = 0.2a and central rf
power densities of 25-30 MW/m 3 , about ten times the ohmic power
density. The integrated rf power fraction to electrons for the profile shown
in Fig. 3(b) is Tlerf= 0.66, thus a significant fraction of the incident fast wave
power is mode converted to IBW and damps on electrons.
The physical picture of the IBW mode conversion - damping process
decribed above is corroborated by l-D full-wave calculations from FELICE,
shown in Fig. 4. The parameters used were identical to those given in the
previous paragraph with the same relative ion concentrations. A single
toroidal mode number of n =10 was used, corresponding to kjj(0) = 14 m- 1 .
A radiative boundary condition was imposed on the high field side (HFS) of
the tokamak so that only an outgoing WKB fast wave solution (no reflected
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wave) was allowed at the HFS boundary. The predicted power depostion
profile is even narrower than what is observed experimentally with FWHM
= 0.12a. The electron damping is peaked on-axis in agreement with
experiment. The integrated rf power fraction to electrons in the calculation
is "1erf = 0.42 with a small fraction of the incident fast wave power damped
at the hydrogen cyclotron layer (rjHrf= 0.045) on the low field side (LFS) of
the tokamak. The relatively high absorbed electron power fraction
predicted by FELICE (0.42) is consistent with the high absorbed power
fraction to electrons measured in the experiment (0.66). This suggests the
transmitted fast wave may undergo a single reflection from the n1l 2 = R cut
off on the HFS and return to the mode conversion layer [see Fig. 1(a) for
example].
An obvious point of disagreement in the FELICE simulation is the low
peak power density due to rf electron heating in Fig. 4. Assuming an
average ICRF power of 0.775 MW, the predicted peak power density in
Fig. 4 is 1.9 MW/M3 , about a factor of ten lower than what is measured
experimentally. A possible explanation for this discrepancy is the absence
of focussing effects in the FELICE calculation. Wave focussing could be
important for the on-axis H (3 He) case because the rf power is deposited in
a small volume at the plasma center. Figure 5 shows the predictions of the
TORIC code which does include wave focussing effects. The parameters
used were the same as those for the FELICE simulation with 0.8 MA of
plasma current. The peak power density in Fig. 5(a) is 22 MW/m 3 , in
better agreement with experiment. The predicted wave focussing can be
seen in the contour plot of the Re(E+) in Fig. 5(b). The dashed contours on
the LFS correspond to the antenna excitation. The vertical extent of the
mode converted IBW wavefront near the plasma center has been reduced
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by about a factor of three relative to the incident fast wave wavefront. The
absorbed rf power fractions for this simulation were 7lerf = 0.73 and rlHrf =
0.27, where the incident rf power is fully absorbed because of the reflecting
boundary conditions imposed in TORIC.
The on-axis IBW MCEH experiments described above were repeated
during the 1996 run campaign. The rf power deposition profile to
electrons was again determined from the break in slope method and an
example is shown in Fig. 6(a). These measurements were done in a C-Mod
discharge at B0 = 6.2 T, ne(O) = 1.8 x 1020 m- 3 , Ip = 0.6 MA, n3He / ne = 0.25,
nH I ne 0.30, and characterized by a relatively high deuteron fraction of
nD / ne 0.20 . The deposition profile has a FWHM = 0.46a and is significatly
broader than the profile shown in Fig. 3(b). The peak rf power density of
4.9 MW/m 3 is also lower than what was measured earlier. The integrated
rf power fraction to electrons in this case is lierf = 0.52, thus a large
percentage of the mode converted IBW power is still absorbed by
electrons. The corresponding FELICE simulation for this case is shown in
Fig. 6(b). Parameters identical to the experiment were used in the
calculation and absorbed rf power fractions of uIerf = 0.44 and 1lHrf = 0.11
were obtained. The predicted peak power density is about a factor of three
lower than in the FELICE simulation in Fig. 4. Also the profile width in Fig.
6(b), characterized by a FWHM = 0.35a is much broader than in the
previous simulation. Thus, FELICE predicts the qualitative trends found
experimentally when comparing the rf power deposition profiles in Figs.
3(b) and 6(a). The reason for the profile broadening and reduction in peak
power density is not fully understood at this time. A likely explanantion
may be related to the difference in deuteron concentration in the two
discharges. For example, an increase in the associated perpendicular
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damping length of the IBW may result from the addition of a large
deuterium component to the H (3 He) mixture.
IV. D (3 He) mode conversion : Experiment and analysis
Off-axis IBW MCEH experiments were also carried out on Alcator C-Mod
during the 1996 run campaign. These experiments were performed in
D (3He) plasmas at B0 = 7.9 T, Ip = 1.2 MA, ne(O) = 2.5 x 1020 m- 3 , n3He/ ne
0.20, and nD / ne > 0.50 . The off-axis electron heating was inferred again
from the break in slope method applied at a single rf power transition
from 1.1 to 2.3 MW as shown in Fig. 7(a). The immediate repsonse of the
GPC channel at r/a = 0.6 is evident as the electron temperature rises
sharply at that location as the rf power is increased. In contrast, the on-
axis GPC channel exhibits only a small relative change, indicating the
electron heating source is off-axis. The absorbed rf power density profile
due to electrons is shown in Fig. 7(b). The profile is highly localized with a
FWHM of = 0.18a and peaked off-axis at r/a = 0.6. The integrated absorbed
rf power fraction by electrons is Ilerf = 0.40 - 0.50 .
The radial power deposition profile predicted by FELICE for the D (31He)
mode conversion scenario with n3He / ne = 0.24, nD / ne = 0.47, and
nH / ne = 0.05 is plotted in Fig. 8. The IBW electron heating is off-axis and
peaked at r/a = 0.50 . The absorbed power fraction to electrons is iierf = 0.43,
in qualitative agreement with experiment. The predicted fast wave
absorption at the hydrogen cyclotron resonance is low ('nHrf = 0.02). The
deposition profile is even more localized (FWHM = 0.11a) than observed in
the experiment [see Fig. 7(b)]. The average incident rf power at the
transition in Fig. 7(a) is about 1.7 MW, which yields a peak power density
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from FELICE of 6.6 MW/m 3 (see Fig. 8). Toroidal full-wave calculations
using TORIC lend insight into why the predicted power density from
FELICE is larger than the experimentally inferred power density of 2.5
MW/m 3 [Fig. 7(b)]. These results are shown in Fig. 9 and indicate an rf
power density of 2.6 MW/m 3 , which is close to the experimental value.
Although the IBW wavefront is strongly focussed at the plasma center, the
wavefront tends to spread vertically again (de-focus) as it reaches the
mode conversion layer on the HFS [see Fig. 9(b)]. Furthermore, the plasma
volume is large that far off-axis and tends to mitigate the effect of any
increased wave energy density due to focussing at that layer. This
situation is to be contrasted with the case of H (3 He) where the mode
converted wavefields are focussed into a region of small volume near the
plasma center. As in the case of the toroidal code calculation for H (3 He),
numerical broadening of the ni 2 = S layer was required to resolve the mode
converted wavefields with only 32 poloidal modes. An indication this
numerical broadening was only marginally successful in this case is the
appearance of fundamental (3 He) cyclotron damping near the mode
conversion surface (r/a _ 0.5). This spurious damping occurs because the E+
electric field is not adequately resolved on the flux surfaces corresponding
to the IBW excitation, ni 2 = S .
The experimentally measured location of the off-axis electron heating
and the absorbed rf power fraction to electrons have been found to be
well-correlated to the (3 He) fraction. These results are displayed in Fig. 10.
The major radius location of the peak in the rf power deposition was found
to increase with increasing (3 He) fraction as shown in Fig. 10(a). This is in
agreement with theoretical expectations because the distance between the
(3 He) cyclotron resonance and the mode conversion layer at nil 2 = S
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increases with increasing (3 He) fraction, thus pushing the mode conversion
layer farther to the high field side of the tokamak. The GPC views emission
from the low field side of the tokamak, thus the increase in minor radius to
the HFS appears as an increase in major radius. The peak absorption
locations predicted by FELICE are also plotted in Fig. 10(a) and lie just
within an envelope defined by the error bars on the experimental points.
The absorbed electron power fraction is also plotted versus n3He / ne and
generally increases with increasing (3 He) fraction. The predictions of
FELICE are also plotted with the experimental points and were obtained for
Te(0) = 2.5 keV, TD(0) = 2.3 keV, and T3He(0) = 2.3 keV. A striking feature
of the experimental data in Fig. 10(b) is that significant absorption of mode
converted IBW on electrons ('erf _= 0.2 - 0.3) is found at relatively low
minority fractions (n3He / ne = 0.04 ). This result can only be reproduced
with FELICE by assuming the 3 He ion tail is at low energy, T3He TD. If an
energetic 3 He tail is assumed for the damping calculation in FELICE a much
different behavior is found at low minority concentration as shown in Fig.
10(c). In this set of simulations an 3 He tail temperature of 200 keV was
used at n3He / ne = 0.01, based on calculations from a bounce averaged
Fokker Planck / ICRF calculation FPPRF1 7 . The energetic tail results in
significant damping of the fast wave at the 3 He resonance near the plasma
center with little power available for mode conversion to ion Bernstein
waves. Thus a plausible conclusion based on the comparisons shown in
Figs. 10(b) and 10(c) is the absorbed electron power due to mode
converted IBW at low (3 He) fraction is consistent with a low energy 3He
tail rather than a highly energetic distribution. The overestimate of the
(3 He) tail temperature in FPPRF occurs because the full-wave ICRF model
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used in that calculation (SPRUCE code1 9 ) tends to underestimate the mode
conversion to IBW and thus overestimates the minority 3 He absorption.
V. Future plans : Mode conversion current drive scenario
The experimental demonstration of on-axis and off-axis electron
heating by mode converted IBW has motivated us to investigate possible
mode conversion current drive (MCCD) scenarios for Alcator C-Mod.
Hardware upgrades on C-Mod in the near future (1997-1998), will include
the addition of 4 MW of tunable ICRF power (40-80 MHz) and a four strap
antenna to allow phased excitation of the ICRF power. These upgrades will
occur through an MIT/Princeton collaboration.
A viable off-axis MCCD scenario could be realized in C-Mod by operating
the tunable transmitters at 57 MHz and the tokamak at 5.0 T. In this case
the mode conversion layer lies to the HFS at r/a 0.75 for a D (3 He) plasma
with n3He / ne 0.15 . The fundamental (3 He) cyclotron resonance is sited
on the HFS at r/a ~ 0.35. The parasitic cyclotron resonance due to
fundamental (D) is located just outside the plasma on the HFS at r/a ~ 1.05
and the fundamental (H) resonance is also located just outside the plasma
on the LFS. This latter resonance could be important if it was inside the
plasma because a small level of background hydrogen is always present in
the tokamak. The MCEH that can be expected in such a situation, based on
1-D FELICE code calculations, is shown in Fig. 11. A reflecting boundary
condition was used on the tokamak HFS. Note that a radiative boundary
condition could not be imposed in this case because the mode conversion
layer was too close to the plasma edge. Other parameters used in the
simulation were ne(O) = 2.0 x 1020 m- 3 , Te(0) = 2.3 keV, TD(0) = 2.3 keV,
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and T3He(0) = 2.3 keV. About 83% of the incident power is absorbed via
electron Landau damping of mode converted IBW with a small fraction of
this absorption attributable to direct damping of the fast wave on electrons
near the plasma center. A further advantage of the 5.0 T magnetic field is
that the 80 MHz ICRF sources on C-Mod could be used to heat the plasma
at the minority (H) resonance, located on the HFS of the tokamak at r/a =
0.16.
VI. Conclusions
Highly localized electron heating via mode converted IBW has been
observed at or near the plasma center in H (3 He) plasmas in Alcator C-Mod.
These experiments were carried out at BO = 6.0-6.5 T, ne(O) 1.8 X 1020 m- 3 ,
and n3He / ne > 0.20. The rf power deposition profiles were inferred using
an rf modulation technique. Peak rf power densities in the range (5-30)
MW/m 3 and profile widths with FWHM = (0.2 - 0.4)a were measured.
Absorbed rf power fractions to the electrons were found to be in the range
of rjerf = 0.5 - 0.7. Ion Bernstein wave electron heating profiles and
absorption fractions predicted by the 1-D full-wave code FELICE were in
qualitative agreement with experiment. The predictions of the toroidal
full-wave code TORIC were found to be in quantitative agreement with
experiment and the high peak rf power densities observed in the
experiment could only be reproduced if wave focussing effects were
included.
Localized off-axis electron heating by mode converted IBW was also
measured in D (3 He) plasmas in C-Mod at BO = 7.9 T, ne(O) = 2.5 x 1020 m- 3 ,
and n3He / ne = 0.10 - 0.25. The location of the peak in the electron heating
17
and the absorbed power fraction were found to be well-correlated to the
3He fraction in the experiment. Again, 1-D full-wave code predictions for
the location of the peak in the electron heating and the absorbed electron
power were in qualitative agreement with experiment. Full-wave
calculations based on the toroidal code TORIC were in quantitative
agreement with experiment and indicated the effect of wave focussing was
not as important for off-axis heating as in the on-axis heating case.
Finally, a viable mode conversion current drive scenario was proposed for
Alcator C-Mod at 5.0 T and 57 MHz. This field and frequency choice places
the IBW mode conversion layer at r/a 0.75 for n3He / ne 0.15 and
eliminates parasitic cyclotron resonances at CO = QcD and CO = cH.
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Figure Captions
Figure 1: Cold plasma cut offs and resonances in Alcator C-Mod for
fo = 80 MHz, B0 = 6.5 T, ne(O) = 1.5 x 1020 m- 3 , njj = 9.0, n3He / ne = 0.25,
nH / ne = 0.45, and nD / ne = 0.05.
Figure 2: Cold plasma cut offs and resonances in Alcator C-Mod for
fo = 80 MHz, B0 = 7.9 T, ne(O) = 2.5 x 1020 m- 3 , nii = 9.0, n3He / ne = 0.25,
and nD / ne = 0.50.
Figure 3: On-axis electron heating in Alcator C-Mod [H (3He) plasma at B0 =
6.5 T]. (a) ICRF power (MW) versus time (s) and central Te(keV) versus
time (s). (b) Absorbed rf power density by electrons (MW/m 3 ) versus r/a
from break in slope method.
Figure 4: RF power deposition profiles predicted by 1-D FELICE code for
Alcator C-Mod plasma at B0 = 6.5 T, n3He / ne = 0.25, nH / ne = 0.45, and
nD / ne = 0.05. RF power density (MW/m 3/Inc. MW) versus midplane
radius x (cm).
Figure 5: Toroidal ICRF code (TORIC) predictions for H (3He) mode
conversion electron heating scenario at 6.5 T. (a) RF power density
(MW/m 3 ) versus r/a. (b) Contours of the Re(E+), where solid line contours
correspond to Re(E+) > 0 and dashed line contours correspond to Re(E+) < 0.
Figure 6: On-axis mode conversion electron heating in C-Mod at
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B0 = 6.5 T, n3He / ne = 0.25, nH / ne = 0.30, and nD / ne = 0.20. (a) Absorbed
rf power density (MW/m 3 ) by electrons versus r/a from break in slope
method. (b) RF power deposition profiles predicted by 1-D FELICE code
(MW/m 3 /Inc. MW) versus midplane radius x (cm).
Figure 7: Off-axis electron heating in Alcator C-Mod [D (3 He) plasma at B0 =
7.9 T]. (a) ICRF power (MW) versus time (s), central Te(keV) versus time
(s), and Te(keV) at r/a ~ 0.6 versus time (s). (b) Absorbed rf power density
by electrons (MW/m 3 ) versus r/a, from break in slope method.
Figure 8: RF power deposition profiles predicted by 1-D FELICE code for
Alcator C-Mod plasma at B0 = 7.9 T, n3He / ne = 0.24, nD / ne = 0.47, and
nD / ne = 0.05. RF power density (MW/m 3 /Inc. MW) versus midplane
radius x (cm).
Figure 9: Toroidal ICRF code (TORIC) predictions for D (3 He) mode
conversion electron heating scenario at 7.9 T. (a) Absorbed rf power
density (MW/m 3 ) versus r/a. (b) Contours of the Re(E+), where solid line
contours correspond to Re(E+) > 0 and dashed line contours correspond to
Re(E+) <0.
Figure 10: Mode conversion electron heating in Alcator C-Mod D (3 He)
plasmas at B0 = 7.9 T. Comparison of experiment and 1-D FELICE code
predictions. (a) Major radius (m) of peak in rf power absorption profile by
electrons versus (3 He) fraction. (b) Absorbed rf power fraction to electrons
versus (3 He) fraction, assuming T3He = TD. (c) Absorbed rf power fraction
to electrons versus (3 He) fraction, assuming T3He = T 3 HeFPPRF.
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Figure 11: Predicted mode conversion electron heating from FELICE for
D (3He) plasma in Alcator C-Mod at BO = 5.0 T, fo = 57 MHz, and
n3He / ne = 0.15. Radial power deposition profiles (MW/m 3/Inc. W) versus
midplane radius x (cm).
24
0.25
0.20
(nlH : He3
/f
/
/l||
-' 3
. /
0.60 0.70
R (m)
D) :(0.45 0.25 0.05)
... ..... .. . .
0.80 0.90
Figure 1
25
0.15
0.10
E
N
0.05
0.00
0.40 0.50 1.00
. .I .
-------- LCFS
n2 -
n11=L -
2n~
- nl=R -
0.25
0.20
0.15
- I
-iI
- '
.. I
0.25 : 0.50) LCFS
2
2
nll=R
nHe 5 D)
............ .
-/ I '
0.40 0.50 0.60 0.70 0.80 0.90
R (m)
Figure 2
1.00
26
I
I
1/I.
ft.
0
II
3
- -- --A
0.40 .50 060 0.0 0.8 -0.9
N 0.10
0.05
0.00
... .1 1 ...... ...........
II -
--------
Shot 950608017
Central T
/-V
II I
0.5
0.82
/
c4
0
(D-3
2
1.0
U-
0.84
Time (s)
Figure 3(a)
0.86
27
5 k
0.84.
RF Power
25
E 20
: 1 5 -
0
5--
0.0 0.2 0.4 0.6 0.8 1.0
r/a
Figure 3(b)
28
Radial Power Deposition Profiles
2.5
2.0
1.5
1.0
0.5
0.0
0 10
X(cm)
Figure 4
29
U
C
E
II
I I
I I
I !
I I
-I
... Sfun8
....... S-elec
0 10
-20 -10 20 30
-I -I
Radial
25
20
15
10
5
0
0.0
Power
0.2
D
0.4
eposition Profiles
0.6 0.8 1.0
r/a
Figure 5(a)
30
E
3:)
....... 5_3 u'nd
S-ibw
*
- \ 'I
Re(E+
60
40
20
0
-20
-40
-60
-40 -20 0 20 40
x(CM)
Figure 5(b)
31
)
(-)
0 0.2 0.4 0.6
r/a
Figure 6(a)
32
5
4
E
II
ci~
0~
3
2
1
0
0. 0.8 1.0
Radial Power Deposition Profiles
......... L 7
d
5,
I'
I
3./
II
IC,.
-10
U'
5 I
.5
I-
I
I
I.
I
I
I
I
I
I
I
I
0.8
0.6
0.4
0.2
0.0 0 10
0 10
X(cm)
Figure 6(b)
S-elec
20
33
E
'6
-20 30
..... --. ... . ... .. . .. . . . ..
Shot 960117012
Central Te
- I
0.86
RF Power
- -
0.88
Time (s)
Figure 7(a)
0.90
34
2.0
1.9
1.8
0.85
0.80
9
a)
a)
I-.
0.75
2.5
2.0
e 1.5
1.0
T e(ra=0.6)
0.84
2.5 -
2.0
E
1.5
1.0 I
0.5
0.0--
0.0 0.2 0.4 0.6 0.8 1.0
r/a
Figure 7(b)
35
Radia I Power Deposition Profiles
....S-eec
0 10
X(cm)
Figure 8
36
E
2
1
0
-20 -10 20 30
Radial
3.0
2.5
2.0
1.5
1.0
0.5
0.0
0.0
Power
0.2
Deposition Profiles
0.4 0.6 0.8 1.0
r/a
Figure 9(a)
37
E
.. .Su'nd:
S-ibw
-7
A- p
I -
I'-
Re(
60
40
20
0
-20
-40
-60
-40 -20
E+)
0 20 40
X(CM)
Figure 9(b)
38
0
N
82
-A--A FELICE
80-
II I I I I I I I I I I I I I
13 EXPT f -
I
T3
3
0.05 0.10
r~mLffi~A_
Helium fraction nHe3/ne
I I II
0.00
Figure 10(a)
39
E
CLY~
0
C/)
78
76
74
0.15 0.20
I 1 11 I I I I I I
6 0 ' ' ''-' ' '
3 EXPT 13
50
-i FELICE
40
0
030
_*20
10
0
0.00 0.05 0.10 0.15 0.20
Helium fraction nHe3/n
Figure 10(b)
40
6 0 ' ' ' I ' ' '
3 EXPT
50
-b FELICE
40 3
0 23
LU
10-
0-
0.00 0.05 0.10 0.15 0.20
Helium fraction nHe3/n
Figure 10(c)
41
Radial Power
6
5
4
3
2
1
0
-30 -20
Deposition Profiles
- _fo-nd
S-elec
-I
- * I
-1 -'.'I
- .
-10 0
X(cm)
Figure 11
42
U
C
[
10 20 30
